Introduction {#sec1-1}
============

Sodium thiosulfate (STS, Na~2~S~2~O~3~) had been identified as an effective agent to prevent vascular calcification (VC) in adenine-induced rats,\[[@ref1]\] where VC is considered to be one of the major contributing factors for the pathological association of cardiovascular mortality and kidney disease.\[[@ref2]\] Previous studies have shown that STS mediated protective effect is attributed to its antioxidant and calcium chelation effect.\[[@ref3]\] However, STS possesses mitochondria modulating effect as evident from our early study on urolithiasis\[[@ref4]\] and VC associated changes in rat brain.\[[@ref5]\] Reactive oxygen species are considered to be one of the major causative factors of vascular smooth muscle cell calcification (VSMC) and the mitochondria in VMSC is considered to be one of the major sources for these oxidants.\[[@ref6]\] Furthermore, excessive vascular calcification is also associated with VSMC abnormalities that lead to impaired mitochondrial function and adenosine triphosphate production.\[[@ref7]\] Accumulated evidence indicate that STS can be a reliable source of hydrogen sulfide, which mediates numerous physiological activities in the heart, brain, kidney by preserving the mitochondrial activity.\[[@ref5][@ref8][@ref9]\] Even though the STS treatment is found to be safe in both the preclinical (adenine-induced rat model) and clinical trials (in hemodialysis patients) in decreasing the complications of vascular calcification, its molecular effect in reversing the altered mitochondrial function is not determined. Hence, we designed an *in vitro* hypoxia/ischemia reoxygenation (I/R) experiment on the isolated mitochondria from VC rat kidney, where the animals were pretreated with or without STS for 28 days and their mitochondrial ability to withstand the oxidative stress due to I/R were evaluated.

Materials and Methods {#sec1-2}
=====================

All reagents used were of analytical grade. Prior approval was obtained for conducting animal experiments from the Institutional Animal Ethical Committee (IAEC) at SASTRA University, Thanjavur, India, and were conducted according to guidelines given by the Committee for the purpose of Control and Supervision of Experiments on Animals vide the approval number 258/SASTRA/IAEC/RPP. The rats were housed in polycarbonate cages and maintained at a temperature of 25°C ± 2°C with a relative humidity of 65% ± 2% and 12 h light/dark cycle.

Male Wistar rats (4--6-week-old weighing around 200--220 g) were randomly assigned to four groups with 6 each: normal, adenine-induced, STS preventive, and STS curative. Normal group rats were fed with normal chow diet whereas adenine-induced rats were fed with 0.75% adenine mixed with regular feed for 28 days. Thiosulfate (STS = 400 mg/kg) was orally co-administered with adenine for 28 days in STS preventive treated the group as described previously,\[[@ref10]\] whereas the STS curative rats given adenine for 28 days and thiosulfate (STS = 400 mg/kg) was administered orally for another 28 days. All the rats were euthanized using carbon dioxide inhalation at the end of the study, and kidney tissue was collected from each group and preserved in liquid nitrogen for further analysis.

Calcium and phosphorus content in aorta was estimated using the method described previously\[[@ref5]\] and alkaline phosphatase (ALP) activity was estimated in renal tissue using the diagnostic kit purchased from Agappe Diagnostics Ltd.

Mitochondria were isolated from kidney tissues using the method described previously.\[[@ref11]\] Isolated mitochondria were suspended in incubation buffer containing 220 mM sucrose, 70 mM mannitol, 10 mM Tris-HCl, pH 7.4 and 1 mM EDTA and stored at 4°C. The mitochondrial protein was determined using Bradford reagent (Bio-Rad, USA) as per the kit instructions.

100% nitrogen gas was infused into a hollow horizontal tube containing four equal diameter holes, to which four needles were attached. To the needles, four Eppendorf tubes were attached firmly by piercing them. The isolated Mitochondria from the above groups were loaded into the Eppendorf tubes and nitrogen gas was allowed to pass through horizontal tubes thereby inducing ischemia for 30 min. After 30 min, 100% oxygen gas was allowed to pass through to induce reperfusion for 30 min.

NADH dehydrogenase, malate dehydrogenase (MDH), and succinate dehydrogenase (SDH) activities in mitochondrial samples were determined according to the standard protocols as described in our previous publication.\[[@ref12]\]

Lipid peroxidation was estimated by measuring malondialdehyde chromogen formation at 535 nm as per thiobarbituric acid reactive species assay (TBARS). Activities of antioxidants such as reduced glutathione (GSH), glutathione peroxidase, catalase and superoxide dismutase were assayed by standard methods as mentioned in our previous publication.\[[@ref12]\]

All results are expressed as mean ± standard deviation (*n* = 6). One-way ANOVA was used for comparison of more than two groups, with Bonferroni *post hoc* analysis. In all cases, *P* \< 0.05 was considered statistically significant. GraphPad Prism 5.0 (GraphPad software, Inc, CA, USA) was used to perform statistical analysis.

Results and Discussion {#sec1-3}
======================

To confirm the protective effect of STS in completely reversing the mitochondrial perturbations occurring during the vascular calcification, we obtained the mitochondria from rat administered with STS for 28 days prior and after calcification by adenine administration. These mitochondria were subjected to hypoxia/ischemia-reperfusion without the further addition of any STS.

The adenine-induced calcification in rat was confirmed by the elevated calcium-phosphorus product in the aorta by 49% \[[Figure 1a](#F1){ref-type="fig"}\] and increased ALP activity (1.2 fold) in the renal tissue \[[Figure 1b](#F1){ref-type="fig"}\]. A strong correlation between calcium-phosphorus product and calcification was reported in previous studies.\[[@ref13]\] Earlier investigation in hemodialysis patients\[[@ref14]\] and adenine-induced vascular calcified rat demonstrate that STS can be an effective drug in decreasing the rate of progression of vascular calcification. In fact, the mode of action of STS has been attributed to its binding efficiency with calcium ions and antioxidant properties\[[@ref10]\] without mentioning the role of mitochondrial dysfunction in the calcification process. Our research group has shown that STS can modulate mitochondria in rendering protection against urolithiasis\[[@ref4]\] and adenine-induced vascular calcification.\[[@ref5]\] Mitochondrial calcification is considered to be an early step in the calcification process and can be attenuated by reversal of mitochondrial function using drugs affecting mitochondrial function such as α-lipoic acid and fucoidan.\[[@ref6][@ref15]\] Moreover, STS is metabolized in the mitochondria through the oxidative mechanism.\[[@ref16]\] Hence, it is extremely important that STS, which is used in the clinic to treat vascular calcification in the end-stage renal failure patients, needs to be evaluated for its capacity to completely reverse the mitochondrial dysfunction during vascular calcification.

![Calcium phosphate product and alkaline phosphate in kidney tissue. Effect of sodium thiosulfate on (a) calcium and phosphorous levels in aorta (b) alkaline phosphatase activity in kidney tissue. Data are expressed in mean ± standard deviation \> (*n* = 6). \*Significantly different from normal, (*P* \< 0.05)](IJPharm-49-317-g001){#F1}

The significant decline in Ca × *P* product (84% decline in STS-preventive and 69% decline in STS-curative groups) and decreased ALP activity with STS administration of adenine treated animal in the present study indicates the efficiency of STS in reducing vascular calcification, as identified by other investigators as well. However, the drug efficacy in recovering mitochondrial function, especially in kidney, where the adenine metabolite gets deposited, leading to renal failure is not known much. In this context, we isolated the mitochondria from the rat kidney subjected to adenine induction followed by STS with or without treatment. To check the functional recovery of renal mitochondria, we subjected the isolated mitochondria from each experimental group to another physiological stress (leading to oxidative stress) namely hypoxia/I/R with the help of inert gas infusion.

The ischemia-reperfusion protocol (30 min ischemia followed by 30 min reperfusion) was implemented in the isolated renal mitochondria from both normal and adenine-induced rats. The significant increase in TBARS by 19% in normal IR and 15% in induced IR and the subsequent decline in GSH concentration by 11% in normal IR and 28% in induced IR with their respective control indicates the efficiency of the model to impart oxidative stress \[Figure [2a](#F2){ref-type="fig"} and [b](#F2){ref-type="fig"}\]. Further evaluation of mitochondrial functional activities by measuring NADH and SDH dehydrogenase showed a significant decline in NADH activity by 84% in normal IR and 87% in induced IR, and decreased SDH activity by 35% in normal IR and 82% in induced IR and an increased MDH activity postreperfusion, which support the above findings \[[Figure 3](#F3){ref-type="fig"}\]. Mitochondria isolated from STS treated rat kidney, when subjected to a secondary stress in the form of hypoxic/ischemic reperfusion injury showed a significant recovery in mitochondrial enzyme activity (99% recovery in SDH activity in STS-preventive IR and 83% in STS-curative IR) and reduced the oxidative stress close to the normal control \[[Figure 2](#F2){ref-type="fig"}\], while the induced group could not withstand this stress. Among the two modes of STS pretreatment, both showed a similar pattern of protection with respect to preservation of mitochondrial integrity.

![Lipid peroxidation, antioxidant and antioxidant enzyme levels in renal mitochondria. Effect of sodium thiosulfate on isolated renal mitochondria exposed to ischemia reperfusion injury, denoted by lipid peroxidation (a) thiobarbituric acid reactive species, antioxidants (b) reduced glutathione and antioxidant enzymes (c) catalase (d) glutathione peroxidase and (e) superoxide dismutase. Data are expressed in mean ± standard deviation (*n* = 6). \*Significantly different from normal, (*P* \< 0.05)](IJPharm-49-317-g002){#F2}

![Renal mitochondrial enzyme activity. Effect of sodium thiosulfate on isolated renal mitochondria exposed to ischemia reperfusion injury, represented by the mitochondrial enzymes (a) NADH dehydrogenase (b) Succinate dehydrogenase and (c) malate dehydrogenase. Data are expressed in mean ± standard deviation (*n* = 6). \*Significantly different from normal, (*P* \< 0.05)](IJPharm-49-317-g003){#F3}

Our results suggest that STS treatment not only renders renal-protection against adenine-induced renal failure but also helped to maintain mitochondrial functional integrity in a subsequent insult due to hypoxia/ischemia-reperfusion injury.

Based on these observations, the present study confirms the efficacy of STS in preserving the renal mitochondrial function. In fact, this recovery in mitochondrial activity is not as efficient as compared to the normal renal mitochondria treated with STS, subjected to I/R. Thus, the difference in STS action in an isolated mitochondrial experiment from VC rats and those obtained from STS pretreated VC rats raises the question, whether the STS therapeutic efficacy is systemic or localized. Toward this direction, O\'Neill and his groups showed that thiosulfate\'s ability to ameliorate the vascular calcification is not specific, as sulfate has similar properties.\[[@ref17]\]

Conclusion {#sec1-4}
==========

Based on the above observations, we conclude that STS may be an effective therapeutic drug against vascular calcification, as demonstrated by other investigators, but is not so effective in preserving the diseased renal mitochondria as compared to normal renal mitochondria.
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